The number of uniquely mapped reads was calculated as the sum of three biologically independent experiments before (d) and (e) after random barcode evaluation. (f) The overamplification rate was determined by the ratio of the uniquely mapped reads before and after random barcode evaluation for each replicate. The low number of uniquely mapped reads after random barcode evaluation and the high overamplification rate for GFP libraries indicated a low complexity of these libraries and validated GFP as an appropriate background control. (e) The four EJC proteins, but not PTB, were significantly enriched at the exon-exon boundaries in comparison to the GFP background control. Horizontal lines represent the mean of n = 3 independent biological experiments and the p-values compared to GFP were calculated by one-way ANOVA with Dunnett´s multiple comparison test; **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001. h) Distribution of peaksof all iCLIP datasets in % confirmed that EJC components bind predominantly in the ORF. This graph does not reflect the different library sizes and thus, in particular, the low GFP counts have to be taken into account. The sum of GFP reads after random barcode evaluation from the three replicates was 10-100 times lower compared to EJC and PTB reads (see panel E and Table S1 ). (f) Enrichment of iCLIP peaks as in Figure 2 with GFP included. Error bars represent the standard error of the mean. 
Mean of normalized counts Mean of normalized counts Log 2 fold change Only two peaks overlap with annotated exons. The other two peaks map to intronic regions that are enriched in the RNA-seq compared to the surrounding (see zoom in). Our approach only detects the downstream region as a candidate exon due to the peak height and the splice site donor motif in the correct position. Further candidate exons were found in intergenic (b) and (c) intronic regions in the transcriptome (see also Table S5 ). validated candidate exon (splice site motif and BTZ and UPF3B peak) missed candidate exon (no splice site motif and only BTZ peak) 
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Supplemental Tables
Supplemental Experimental Procedures Stable HeLa cell lines
A HeLa host cell line containing a Flp recombination target (FRT) site combined with an antibiotic (Zeocin™) resistance gene and stably expressing a tetracycline repressor was used to generate cell lines expressing the fusion proteins. The gene of interest was cloned into a pcDNA5 vector containing a FRT and a tetracycline-on (TO) system, pcDNA5/FRT/TO, and integrated into the host cell line by the pOG44 Flp recombinase expressing plasmid. The FRT site located upstream of another antibiotic (hygromycin) resistance gene in the pcDNA5/FRT/TO vector was used for the integration of the fusion protein into the HeLa host cell line. In addition, the hygromycin resistance gene enabled the specific selection of colonies containing the fusion gene. The human cytomegalovirus (CMV) promoter together with the TO system allowed the expression of fusion proteins close to the level of the endogenous counterpart. For each stable cell line, 1,000,000 cells were seeded in a 10 cm dish. On day 2, the medium was renewed 2 h before the transfection of the plasmids using the calcium phosphate method. For the transfection, pOG44 Flp recombinase plasmid was mixed with the pcDNA5/FRT/TO/TEV/Protein-GFP plasmids in a ratio of 1:9 and H2O was added to a final volume of 450 μl. The plasmids were then mixed with 50 μl of 2.5 M CaCl 2 and 500 μl of 2 x borate buffered saline (BBS). After incubation for 20 min at room temperature, the mixture was added to the cells in 10 ml Dulbecco's Modified Eagle Medium (DMEM) and incubated for 20 h at 37 °C and 5% CO2. On day 3, the cells were split into three 10 cm dishes using different ratios of cells (5:10, 3:10 and 2:10). On day 4, DMEM was exchanged by fresh DMEM containing the selection antibiotics blasticidin (final concentration 5 μg/ml) and hygromycin (final concentration 200 μg/ml). The cells were monitored for approximately two weeks. During this time, the medium was exchanged when appropriate. Single colonies were picked with 10 μl trypsin and transferred to a 12-well plate containing 1 ml DMEM with selection antibiotics (blasticidin and hygromycin) per well. On week 4, colonies were detached with 70 μl trypsin and transferred into two wells of a 6-well plate, each containing 2 ml DMEM with selection antibiotics. The expression of a GFP-fusion construct was controlled by fluorescence microscopy in one well by the addition of 1 μg/ml doxycycline, which belongs to the tetracycline antibiotics class and thus can be used in Tet-on systems to replace tetracycline. In case the fusion protein was expressed, the non-induced well was passaged to a T175 flask and, after the cells reached 80% confluence, frozen in two aliquots. The stable HeLa cells were frozen in liquid nitrogen in batches to ensure that the experiments will be performed on freshly thawed cells from the same passage. The first experiments were conducted from passage 2 onwards and the cells were discarded at passage 10.
siRNA knockdown and complementation assay
For the siRNA rescue experiments, 100,000 cells in 2 ml DMEM GlutaMax-I medium (supplemented with 10% (v/v) FCS and 1% (v/v) penicillin/streptomycin) were seeded per well of a 6-well plate. The cells were transfected with siRNAs 6-8 h after seeding. For each sample, 1 μl siRNA (siRNA stocks 10 pmol/μl) was diluted in 100 μl pre-warmed reduced serum medium (Opti-MEM®) without antibiotics and 12 μl transfection reagent (HiPerfect) were added. The mixture was vortexed and incubated for 10 min at room temperature. In the meantime, the cells were washed twice with Opti-MEM®. The siRNA mixture was added drop-wise to 887 μl Opti-MEM per 6-well. Thus, the cells were incubated overnight with a siRNA concentration of 10 nM. On the following day, Opti-MEM® was replaced by 2 ml DMEM containing appropriate doxycycline concentration for the induction of the fusion proteins (for RNPS1 0.1 ng/ml and for the other EJC proteins and controls 1 ng/ml doxycycline). The cell samples were split for RNA and protein analysis. The RNA was isolated by 750 μl of TRIzol® and the cDNA synthesis was performed with oligo-(dT) primer. The protein sample was centrifuged at 1100 g for 10 min at 4 °C. After removal of the supernatant, the cells were lysed in 50 μl RIPA buffer (150 mM NaCl, 0.5% (w/v) sodium deoxycholate, 50 mM Tris-Base, 1% (w/v) nonyl phenoxypolyethoxylethanol (NP-40), 0.1% (w/v) SDS and 1 x protease inhibitor) and incubated for 10 min on ice. The protein samples were stored at −80 °C prior to immunoblot analysis. The siRNA and primer sequences are listed in Table S7 .
Immunoblots
For immunoblots, proteins were separated using SDS-PAGE. The protein samples were supplemented with 6 x loading buffer and heated for 5 min at 95 °C. Protein size was determined using 10 μl of the protein ladder (PageRuler™ Plus). After electrophoresis at 20-60 mA, protein transfer was carried out at 1mA/cm2 of the membrane (Westran-S) for 1 h. To slow down this protein transfer for small proteins, like Y14 (20 kDa), the anode and cathode buffers were supplemented with 20% methanol. The membrane was incubated for 1 h in 5% skim milk in Tris-buffered saline plus Tween (TBS-T) to block unspecific binding sites prior to the antibody labeling. The primary antibody was incubated under gentle shaking overnight at 4 °C (see Table S7 for antibodies). Unbound antibody was removed by three washing steps for 10 min with TBS-T at room temperature. The secondary antibody was incubated for 1 h at room temperature. Subsequently, three washing steps, each of 10 min at room temperature with TBS-T, were carried out to remove unbound secondary antibody prior to the protein detection. The proteins were labeled with a chemiluminescence kit and detected with a multiimaging system (Fusion Fx).
iCLIP
Day 1 and 2 -Preparation of stable cells
For each iCLIP replicate, 3,000,000 stable HeLa cells were seeded in two 15 cm dishes, each containing 30 ml DMEM supplemented with 10% (v/v) FCS and 1% (v/v) penicillin/streptomycin. The cells were incubated at 37 °C and 5% CO2 for two days. The GFP-fusion constructs were induced directly after seeding with a final doxycycline concentration of 1 ng/ml (0.1 ng/ml for RNPS1-GFP) to adjust the expression level of the recombinant protein close to that of the endogenous counterpart.
Day 3 -UV cross-linking
To stop protein translation, the cells were treated with a final concentration of 100 μg/ml cycloheximide. A cross-link between the RBP and the bound RNA was mediated by an irradiation with 150 mJ/cm 2 and a wavelength of 254 nm.
Day 4 -Immunoprecipitation
After harvesting the cells, the cells were lysed (all buffers as in (Konig et al., 2011) ) and protein concentration was adjusted to approximately 2-3 mg/ml and a final volume of 1400 μl. To increase the salt concentration, 350 μl of 5 x high salt buffer were added to the sample. Meanwhile, 30 μl of agarose beads coupled to a GFP antibody (GFP-Trap®_A) were washed three times with 1 ml lysis buffer and spinning at 1000 g at 4 °C for 1 min. The beads were resuspended in 60 μl lysis buffer and transferred to the sample. To resuspend the beads thoroughly, the pipette tip had to be cut using a sharp blade. The sample was incubated at 4 °C and 10 rpm in a rotator mixer (RM Multi-1) for 2 h. The proteins bound to antibody-coupled beads were pelleted at 1000 g at 4 °C for 30 s and the supernatant was stored as flow-through. All subsequent washing steps were performed with 1 ml washing buffer and a 2 min incubation at 10 rpm in a rotator mixer followed by centrifugation at 1000 g for 1 min. To remove unbound proteins, the beads were washed twice with high salt buffer at room temperature to avoid precipitation of SDS and protease inhibitors. The samples were further purified by two washing steps with medium salt buffer and one washing step with low salt buffer containing only 0.5 x of RNase inhibitors (RNasin). For the partial RNA digestion, the sample was resuspended in 1 ml low salt buffer without RNasin and 10 μl of 1:50 dilution of RNase I (final concentration 1:5000, 0.02 U/μl) and 2 μl of Turbo DNase. The RNA was partially digested by incubation for exactly 3 min at 37 °C at 1100 rpm in a heat block (Thermomixer compact). Subsequently, the beads were washed with 1 ml of high salt buffer containing protease and RNase inhibitors at room temperature, followed by two washing steps with low salt buffer. To dephosphorylate the 3´end of the RNA fragments, the beads were resuspended in 20 μl PNK mix (15 μl H2O, 4 μl 5 x PNK buffer pH6.5, 0.5 μl PNK and 0.5 μl RNasin) and incubated at 37 °C for 20 min at 1100 rpm in a heat block. The enzyme was inactivated by two high salt and two low salt buffer washing steps. For ligation of a L3 linker to the RNA fragments -being essential for the reverse transcription -the supernatant was removed and the sample incubated in 20 μl ligation mix (9 μl H2O, 4 μl 4 x ligation buffer, 1 μl RNA ligase, 0.5 μl RNasin, 1.5 μl 20 μM pre-adenylated linker L3 and 4 μl polyethylene glycol (PEG) 400) at 16 °C using 1100 rpm overnight in a heat block.
Day 5 -RNA isolation
Unligated L3 linker was removed by three washing steps with high salt buffer (containing protease and RNase inhibitors). After the second washing step, the samples were transferred into new low DNA binding tubes to remove potentially non-ligated L3 linker bound to the plastic surface. Subsequently, the samples were washed twice with low salt buffer containing RNase inhibitors (but no protease inhibitors) to prepare the samples for protein digestion. In order to digest any RNases in the proteinase K (PK) buffer, the buffer was treated with proteinase K (10 μl) at 37 °C for 20 min. Afterwards, 200 μl of this mixture were transferred to each sample and the tubes were incubated at 37 °C. After 20 min, 200 μl PK-Urea buffer were added to each sample followed by an incubation for another 20 min at 37 °C to denature the proteins. The RNA was isolated using phase lock gel (PLG™) heavy tubes. To facilitate the RNA precipitation, the samples were mixed with 0.5 μl glycogen (GlycoBlue™) and 40 μl 3M sodium acetate pH 5.2. The precipitation was performed with 1 ml 100% ethanol at −20 °C overnight.
Day 6 -cDNA synthesis
The precipitated RNA was pelleted at 16000 g at 4 °C for 20 min. After removal of the supernatant, the pellet was washed with 80% (v/v) ethanol and centrifuged for another 2 min. Ethanol was completely removed and the pellets were air-dried for 2 min at room temperature. A volume of 6.25 μl was further transferred to a new 200 μl tube to continue the iCLIP experiment. The remaining 1.75 μl were used to measure the size and concentration of the isolated RNA with a Bioanalyzer2100 instrument and RNA Pico chips. The size distribution of the RNA should have a peak within 25-300 nts. For iCLIP, 0.5 μl RT primer (0.5 pmol/μl) and 0.5 μl dNTP (10 mM each) were mixed with the sample and incubated for 5 min at 70 °C in a PCR machine. For each replicate and experiment performed in one batch, a different RT primer was used. Table S7 lists all possible RT primer sequences including the barcodes. The RT primers contained a sample and a random barcode. The sample barcode allows multiplexing of samples and the random barcode enables the detection and elimination of PCR duplicates. The RT primers were checked for their efficiency in reverse transcription reactions by subcloning, using TA cloning and sequencing before final use in iCLIP experiments. In brief, for each iCLIP library with different RT primers at least 5 colonies were picked and the plasmids isolated. The plasmid sequences were evaluated regarding meaningful inserts, i.e. fragments upstream of exon-exon junctions for the EJC iCLIP experiments and, even more importantly, if the introduced sample barcode was present. Only RT primers that fulfilled these criteria were used for the subsequent iCLIP experiments. More specifically, the barcodes used were swapped to other RBPs and to the GFP control in further biological replicates in order to rule out any bias that was introduced by a single RT primer. For iCLIP experiments, the RT primers were annealed to the L3 linker by slowly cooling down (−0.1 °C/s) the sample from 70 °C to 25 °C. For the reverse transcription, 2.75 μl reverse transcriptase mix (2 μl 5 x reverse transcriptase buffer, 0.5 μl 0.1M DTT and 0.25 μl Superscript III) were added. The second cDNA synthesis step was performed at 50 °C instead of the initial 42 °C in order to improve the denaturing of RNA secondary structures. The mixture was diluted with 90 μl Tris-EDTA (TE) buffer and transferred to a new low DNA binding tube containing 1 μl glycogen and 10 μl 3M sodium acetate pH 5.2. After vortexing, the cDNA was precipitated with 250 μl 100% ethanol at −20 °C overnight.
Day 7 -cDNA size selection
The precipitated cDNA was pelleted, washed as described at day 6 and resuspended in 6 μl H2O. For the gel purification of the cDNA, the same volume of 2 x Tris-borate EDTA urea (TBE-urea) loading buffer was added. For one gel, 3 μl of low molecular weight DNA ladder were mixed with the same volume of 2 x TBE-urea loading buffer. The samples and the marker were heated for 3 min at 80 °C. The samples plus the marker were loaded on the gel and exposed to a voltage of 180V for approximately 40 min. Afterwards, slices of low, medium and high molecular weight cDNAs were cut from the gel according to a size range of 70-85, 85-120 and 120-200 nts. Each gel slice was transferred to a 1.5 ml low DNA binding tube and 400 μl TE buffer were added. The gel slice was crushed into small pieces using a pestle and incubated for 2 h at 37 °C under agitation at 1100 rpm. Meanwhile, two glass microfiber filters were placed into a centrifuge tube filter column using clean tweezers. Each sample was transferred to one of these columns and centrifuged for 1 min at 16,000 g at room temperature. The flow-through was transferred to a low DNA binding tube containing 0.5 μl glycogen and 40 μl 3M sodium acetate pH 5.2. The cDNA was precipitated with 1 ml 100% ethanol at −20 °C overnight.
Day 8 -cDNA circularization
The size-selected and precipitated cDNA was pelleted, washed as described at day 6, resuspended in 8 μl ligation mix (6.5 μl H2O, 0.8 μl 10 x CircLigase buffer II, 0.4 μl 50 mM MnCl2 and 0.3 μl CircLigase II) and transferred to a PCR tube. For circularization of the cDNA, the samples were incubated for 1 h at 60 °C in a pre-heated PCR machine to avoid evaporation of the sample into the tube lid. Afterwards, 30 μl of oligonucleotide annealing mix (26 μl H2O, 3 μl SmartCut buffer and 1 μl 10 μM Cut Oligo, see Table S7 ) were added. The sample was incubated at 95 °C for 1 min and then the temperature was decreased by 1 °C/10 s to a final temperature of 25 °C. The annealed oligonucleotide was cut by 2 μl of the restriction enzyme BamHI-HF for 30 min at 37 °C. The sample was mixed with 50 μl TE buffer and transferred to a low DNA binding tube containing 1 μl glycogen and 10 μl 3M sodium acetate pH 5.2. The cDNA was precipitated with 250 μl 100% ethanol at −20 °C overnight.
Day 9 -cDNA library preparation
The precipitated cDNA was pelleted, washed as described at day 6, resuspended in 19 μl H2O and transferred to a PCR tube. For the PCR amplification (25 cycles), 1 μl of 10 μM 5´ and 3´Solexa primer and 20 μl DNA polymerase (Accuprime Supermix 1) were added to the cDNA. Afterwards, primer dimers and fragments smaller than 130 nts were removed from the cDNA library by magnetic beads (AMPure® XP) coated on their surface with carboxyl molecules, which can bind DNA molecules. The beads were vortexed and equilibrated for 30 min at room temperature. To each library, beads in a volume corresponding to the 1.8 volume of the cDNA sample were added. In practice, 35 μl of cDNA library were diluted to a total volume of 50 μl with H2O and 90 μl of beads were added. After vortexing, the sample was incubated for 15 min at room temperature. Then, the tube was put to a magnetic particle concentrator (DynaMagTM-2) for 5 min to capture the cDNAs that were longer than 130 nts. The tube was maintained at the magnet until the elution step. The supernatant was discarded and 200 μl of freshly prepared 80% (v/v) ethanol was added for 30 s to wash the beads without disturbing the bead pellet. This step was repeated and then the ethanol was completely removed by incubating the tubes with open lid for 5 min at room temperature. To elute the captured cDNAs, the pellet was resuspended in 15 μl H2O and incubated for 2 min at room temperature. The tube was placed back to the magnetic stand for 5 min to remove the beads. The supernatant, containing the purified cDNA iCLIP library, was transferred to a low DNA binding tube and the purity was analyzed with a high sensitivity DNA chip. Therefore, 1 μl of the samples was diluted 1:10 with H2O and the analysis was performed according to the user manual [109] . The iCLIP library should only contain one peak corresponding to the selected cDNA size plus the added primer length. In general, the iCLIP library should be free from any primer dimers around 120 nts. For the final sequencing, only the medium and high molecular weight cDNA libraries were submitted, since the low molecular weight cDNA libraries showed low complexity for the iCLIP reads in the test runs. Prior to multiplexing, the cDNA-concentrations of the libraries were measured with a Qubit™ dsDNA high sensitivity assay. Purified libraries with a fragment size in a range of 150-300 nts were pooled in equimolar ratios to a final cDNA concentration of 2 μg/μl and a volume of at least 30 μl. The cDNA libraries were sequenced with 50 bp single-end on an Illumina HiSeq2000.
RIP
For RNA extraction, the beads (GFP-Trap®_A) were washed four times with low salt buffer supplemented with 0.1% RNasin. To dissociate the complex from the bound RNA, 40 μl clear sample buffer (100 mM Tris-HCl pH 6.8, 4% SDS, 10 mM EDTA and 100 mM DTT) were added and the protein-bead samples were centrifuged for 5 min at 1000 g at room temperature. The input and the precipitated samples were diluted in 200 μl PBS and 750 μl TRIzol® to prepare them for the RNA isolation. The isolated RNA was reverse transcribed into cDNA and the samples were spiked with 2 μl TATAA universal RNA, which served as a quality control throughout the entire experimental workflow. For each RBP, three independent biological experiments were performed. To minimize the error in the q-RT-PCR every target was measured in triplicate and reported in C t (threshold cycle) values for each independent experiment. The arithmetic mean of the technical replicates (C t mean-triplicate ) had to be adjusted by a dilution factor since the same RNA quantity for cDNA synthesis was used for each RBP. This dilution factor (C t dilution-factor ) was calculated by the negative logarithm of the ratio between the RNA quantity that was used for the cDNA synthesis (RNA cDNA-synthesis ) and the RNA quantity retained after RIP (RNA after RIP ).
C t dilution−factor = −log2 RNA cDNA-synthesis / RNA afterRIP To calculate the relative RNA concentration of the target (C t target-adjusted ) this dilution factor has to be subtracted from the C t mean-triplicate .
C t target−adjusted = C t mean−triplicate − C t dilution−factor
This equation was applied to every RBP for both immunoprecipitation and input samples and the target enrichment (C t enrichment ) was calculated by subtracting the immunoprecipitation from the input values.
C t enrichment = Input C t target−adjusted − IP C t target−adjusted
Afterwards, the target enrichment was adjusted (Ct enrichment-adjusted) for the loss of RNA during the entire workflow by subtracting the spike-in Ct enrichment from the Ct enrichment target values.
C t enrichment−adjusted = Target C t enrichment − Spike−in C t enrichment
Finally, for every target the percentage of the immunoprecipitated RNA compared to the input RNA (Percentage of IP Input) was calculated to determine which target RNA binds best to the RBPs after RIP.
Percentageof IP Input = 100 × 2
Ct enrichment−adjusted
Peak analysis
Because the replicates had very similar distribution patterns across the different genomic regions, the peak analysis was repeated after merging the read-files of the three replicates. Consequently, the detection of peaks became more powerful with the increased number of reads. The detected peaks per RBP were filtered for highconfidence targets by applying a filter based on the GFP control. The number of peaks before and after the GFP filtering is listed in Table S3 . The number of false-positive hits was lowered by filtering for high GFP counts. The mean overamplification rate for the three biological replicates of GFP was divided by the mean overamplification rate of the other five proteins. This overamplification-factor was multiplied to the iCLIP read signal. We then applied a two step filtering approach. First, all peaks were removed that have a higher overamplification-factor adjusted CPM value in the GFP control than in the other libraries. Second, we scanned the individual replicates of an iCLIP experiment and kept only the peaks that have a higher summed CPM value compared to the GFP control. The overlap of the detected peaks was calculated with the software R (version 3.1.2) applying the Bioconductor package GenomicRanges (version 1.18.4) (Lawrence et al., 2013) .
out of 4 approach
In order to analyze whether different proteins bind to the same genomic location, binding sites of different RBPs which overlapped with at least one nucleotide were merged into one contig. As a result, the number of detected binding sites was reduced from 521,171 to 346,396. The RNA binding to specific sites was controlled and confirmed by analysis of the PTB iCLIP dataset which possessed over 80% of unique binding sites that were not shared with any of the EJC components (see restricted peaks to one RBP in Table S3 ). By contrast, eIF4A3 and UPF3B shared 93% and 88% of the binding sites (showing only 7% and 12% unique binding sites), respectively. Similarly, BTZ and RNPS1 (with comparable or even larger libraries than PTB) accounted for less unique peaks (54% and 39%) compared to PTB. This indicated that all four EJC components share common sites where they bind directly to the RNA in close proximity and thus form EJCs with a homogeneous composition. To further study the co-deposition of different EJC proteins as stringently as possible, all PTB binding sites were excluded from the analysis. This filtering resulted in approximately 200,000 sites at which at least one EJC protein, but not PTB, was deposited (Table S3 ). This analysis was further specified to the EJC function by analyzing sites that were occupied by at least two out of 4 EJC proteins (Table S3 bottom part). These binding sites were termed high-confidence binding sites.
